ABSTRACT Aims/Introduction: The aim of the present study was to examine the associations of pregestational body mass index (BMI) and gestational weight change with birthweight for gestational age in Japanese mothers with gestational diabetes mellitus (GDM). Materials and Methods: We retrospectively examined the clinical and laboratory characteristics of 101 mothers with GDM (pregestational BMI 24.7 -5.8 kg/m 2 ; maternal age at delivery 34.7 -5.1 years; gestational age 38.5 -1.4 weeks) at a single center from January 2011 to December 2016. Results: Gestational weight changes were 6.22 -5.39 kg, and infant birthweights were 2,987.3 -393.6 g. Multivariable analysis showed that, in all mothers, pregestational BMI and gestational weight change were positively associated with infant birthweight (P < 0.001 and P = 0.007, respectively). Pregestational BMI, but not gestational weight change, was positively associated with infant birthweight (P = 0.007) in 31 mothers with GDM who had pregestational BMI ≥25 kg/m 2 ; in 68 mothers with GDM who had pregestational BMI 18.5-24.9 kg/m 2 , only gestational weight gain was positively associated with infant birthweight (P = 0.039). Two mothers had pregestational BMI <18.5 kg/m 2 . No statistically significant interactions of pregestational BMI with gestational weight change were found (P = 0.158). Conclusions: In mothers with GDM, pregestational BMI ≥25 kg/m 2 and excessive gestational weight gain were significantly associated with increased infant birthweight. A prospective multicenter clinical study enrolling a larger number of mothers with GDM will be required to verify the effects of adequately controlling pregestational and gestational weights on infant birthweight for gestational age.
INTRODUCTION
Gestational diabetes mellitus (GDM) frequently causes fetal disorders during pregnancy 1 . Fetal overgrowth leading to the delivery of infants large for gestational age (LGA) is a wellknown complication of GDM 2, 3 .
LGA can cause birth complications (e.g., cesarean section and shoulder dystocia) 4 , and LGA infants are more likely to develop obesity 5 , metabolic syndrome 5 or type 2 diabetes mellitus 6 in childhood. Apart from GDM, furthermore, maternal obesity, fetal hyperinsulinemia and maternal insulin resistance are known risk factors for the delivery of LGA infants 7 .
Pregestational obesity is a risk factor for GDM and can provoke maternal complications (e.g., pre-eclampsia and interventions at delivery) 8 . The Hyperglycemia and Adverse Pregnancy Outcome Study 9 showed that obesity is a strong risk factor associated with the delivery of LGA infants and infants with neonatal obesity, and that this association is independent from maternal blood glucose concentrations. Furthermore, excessive gestational weight gain in mothers with GDM can lead to maternal complications (e.g., hypertensive disorders of pregnancy and cesarean section) and is a risk factor for the delivery of LGA infants , to establish the appropriate weight gain range for each category.
As with women who experience excessive gestational weight gain, pregestational overweight/obese patients with GDM are at increased risk for the delivery of LGA infants 12, 13 . However, the associations of pregestational BMI and gestational weight gain with infant birthweight for gestational age have not been fully elucidated in patients with GDM. The effects of pregestational BMI on infant birthweight potentially differ between Asians and Westerners, because the former, in general, tend to be less obese than the latter. Limited research is available on the adequate range of gestational weight gain in Asian patients with GDM. The objective of the present study was to examine the associations of pregestational BMI, gestational weight change and other indicators with infant birthweight for gestational age in Japanese mothers with GDM.
METHODS

Study Design and Population
We carried out a retrospective observational population-based cohort study of 4,021 pregnant women who had received maternal care and given birth at Saitama Medical University Hospital Saitama, Japan, from January 2011 to December 2016. The institutional review board at our university approved the study.
A total of 205 mothers (43 with pre-existing diabetes mellitus, 11 with overt diabetes in pregnancy and 151 with GDM) were admitted to the hospital for the strict control of hyperglycemia, and they subsequently delivered their infants. We excluded the following 104 mothers: the aforementioned 43 and 11 mothers with diabetes; 34 mothers who were treated for disorders that are known to affect the mother and fetus during pregnancy (diseases causing hormone metabolism abnormalities of the thyroid, pituitary, adrenal or other endocrine glands); seven mothers who received drugs known to affect the fetus during pregnancy (e.g., psychotropic drugs); and four mothers who had twin pregnancy; among five mothers whose hemoglobin A1c (HbA1c) at weeks 24-28 of pregnancy-an independent variable in the present study-was not determined, one (1.0%) had a miscarriage. Consequently, 101 mothers with GDM were included in the statistical analysis.
Diagnosis of GDM
According to the criteria of the International Association of Diabetes and Pregnancy Study Groups 14 , GDM was diagnosed if one or more values reached or exceeded the following thresholds in a 75-g oral glucose tolerance test: 92 mg/dL (5.1 mmol/ L) for fasting plasma glucose; 180 mg/dL (10.0 mmol/L) for 1-h plasma glucose (1-h PG); and 153 mg/dL (8.5 mmol/L) for 2-h PG.
Study Outcomes and Measures
Mothers with GDM were assessed for the following independent variables: (i) maternal age at delivery; (i) gestational age; (iii) height measured at the first visit to the hospital; (iv) pregestational bodyweight-measured at home or during a medical checkup at work within 1 month before pregnancyand self-reported during history taking at the first visit to the hospital-and resulting pregestational BMI; and (v) height and bodyweight-measured just before entry into the labor room within 24 h before delivery-and resulting BMI at delivery. Gestational weight changes were calculated by deducting pregestational weight from maternal weight at delivery. The total daily dose of insulin at delivery was recorded in 90 mothers who were receiving insulin therapy. In a total of 101 mothers, GDM was diagnosed by carrying out a 75-g oral glucose tolerance test that each mother underwent once only at weeks 11-15 (n = 25) or 24-28 (n = 76) of pregnancy.
Serum HbA1c was determined at weeks 24-28 of pregnancy (n = 101) to strengthen the diagnosis. Plasma glycated albumin concentrations were measured in 35 mothers only. We also obtained information on history of cesarean section, number of premature births, infant birthweight, infant birthweight for gestational age and infant anomalies (Table 1) .
Infant birthweight is dependent on gestational age, infant sex and parity. We calculated the percentiles of infant birthweight for gestational age with reference to infant birthweights according to anthropometric charts for Japanese infants 15 . The calculated percentiles of infant birthweight for gestational age were classified into the following three groups: small for gestational age (SGA), appropriate for gestational age (AGA) and LGA. SGA, AGA and LGA were defined as infant birthweight <10th, 10-90th and >90th percentiles for Japanese infants, respectively. Infant birthweight for gestational age was assessed using the zscores according to the least mean squares method proposed by Cole 16 .
Statistical Analysis
We carried out multiple linear regression analysis using the z-scores for infant birthweight for gestational age (infant birthweight z-scores) as the dependent variable. In addition, the following independent variables were used as continuous variables: pregestational BMI, gestational weight change, maternal age at delivery, HbA1c concentrations at weeks 24-28 of pregnancy and total daily dose of insulin at delivery.
Published guidelines 11 have established four categories of pregestational BMI and have defined the recommended weight gain for each category, advocating less weight gain for women who are overweight/obese before pregnancy than for women who have pregestational normal BMI. To further examine the effects of gestational weight gain on infant birthweight for gestational age with reference to these guidelines, we carried out multiple linear regression analyses separately for two maternal subgroups: the normal maternal BMI subgroup that consisted of mothers who had pregestational normal BMI; and the maternal overweight/obesity subgroup that consisted of pregestational overweight/obese mothers with GDM (Table 2) . In model 1 of Table 2 , gestational weight change was analyzed as a continuous variable.
Furthermore, we included the dichotomous-rather than continuous-variable of gestational weight gain in the multiple linear regression model as described below (models 2 and 3 in Table 2 ). The referenced guidelines 11 define maternal weight gain ≥16 kg during pregnancy as excessive gestational weight gain for pregestational normal BMI women. To examine differences in the infant birthweight z-scores according to the presence or absence of excessive gestational weight gain in the normal maternal BMI subgroup, therefore, we dichotomized the gain into ≥16 kg versus <16 kg (model 2 in Table 2 ). Subsequently, a similar analysis was carried out with reference to the Japanese guidelines 17 on gestational weight gain. In these guidelines, weight gain >12 kg is defined as excessive gestational weight gain 17 with reference to the recommended gestational weight gain when intended to deliver AGA infants in Japan. For this reason, we dichotomized weight gain into >12 kg versus ≤12 kg for mothers with GDM in the normal maternal BMI subgroup and included the dichotomous-rather than continuous-variable of gestational weight gain in the multiple linear regression model (model 3 in Table 2 ).
Single regression analysis was carried out to examine the correlation between pregestational BMI and gestational weight change ( Figure 1 ). The v 2 -test of differences in the delivery rates of LGA and AGA infants was carried out between the normal maternal BMI subgroup and the maternal overweight/ obesity subgroup.
A value of P < 0.05 was considered statistically significant. All statistical analyses were carried out using JMP software, version 9.0 (SAS Institute, Cary, NC, USA).
RESULTS
Study Population
The clinical, obstetric and laboratory characteristics of 101 mothers with GDM are shown in Table 1 . Multiple linear regression analysis was carried out in these 101 mothers. The mean of pregestational BMI, categorized as underweight (2.0%), normal (67.3%), overweight (17.8%) and obese (12.9%), as per the referenced guidelines 11 , was 24.7 -5.8. Gestational age was 38.5 -1.4 weeks. Maternal age and BMI at delivery were 34.7 -5.1 years and 27.2 -5.1, respectively. The mean of gestational weight change was 6.22 -5.39 kg. The mean of plasma glycated albumin was 13.4 -1.2%. Cesarean section was carried out in 23 mothers (22.8%) for the following reasons: seven had undergone cesarean delivery before the onset of the present study, two had placenta previa and four had breech presentation. The birthweight of infants was 2,987.3 -393.6 g; only one excessively large infant (1.0%) was born. The numbers of infants according to birthweight percentiles for gestational age were 82 (81.1%) AGA, 15 (14.9%) LGA and four (4.0%) SGA infants. All mothers in the normal maternal BMI subgroup (n = 68) experienced gestational weight gains (7.56 -3.79 kg); 91.2% (62), 5.9% (4) and 2.9% (2) of them gave birth to 62 AGA, four LGA and two SGA infants, respectively. In contrast, the maternal overweight/obesity subgroup (n = 31) showed gestational weight changes (3.12 -7.08 kg); 67.7% (21) and 32.3% (10) of them experienced weight gain and weight loss, respectively; 64.5% (20) and 35.5% (11) of them gave birth to 20 AGA infants and 11 LGA infants including one excessively large infant, respectively. In addition, we examined the association between pregestational BMI and gestational weight change in mothers with GDM. Consequently, pregestational BMI showed a significant inverse correlation (r = -0.49; P < 0.0001) with gestational weight change (Figure 1 ). In particular, mothers with a pregestational BMI less than approximately 35 showed a greater weight gain in proportion to gestational weight change.
Multiple Linear Regression Analysis on the Infant Birthweight Z-Scores
We carried out multiple linear regression analysis to examine the associations between dependent and independent variables after adjustment for maternal age at delivery, HbA1c at weeks 24-28 of pregnancy and total daily dose of insulin at delivery (Table 2 ). In the entire study population, greater pregestational BMI was significantly associated with higher infant birthweight z-scores (a 1-unit increment in pregestational BMI was associated with a 0.08-increment in the infant birthweight z-score; P < 0.001; model 1 in Table 2 ). Furthermore, greater gestational weight change was significantly associated with higher infant birthweight z-scores (a 1-kg increment in gestational weight was associated with a 0.05-increment in the infant birthweight z-score; P = 0.007; model 1 in Table 2 ). Statistical analyses of the normal maternal BMI and maternal overweight/obesity subgroups showed no statistically significant interactions of pregestational BMI with gestational weight change (P = 0.158), probably because of the small sample size of the present study. Nevertheless, we consider it reasonable to use these subgroups because of their formation in consideration of the categories as defined in the referenced guidelines 11 . Subsequently, we analyzed the association between gestational weight change and the infant birthweight z-scores in the normal maternal BMI subgroup and the maternal overweight/obesity subgroup. In the normal maternal BMI subgroup, greater gestational weight gain was significantly associated with the higher infant birthweight z-scores (a 1-kg increment in gestational weight was associated with a 0.06-increment in the infant birthweight z-score; P = 0.039; model 1 in Table 2 ). In the maternal overweight/obesity subgroup, greater pregestational BMI was significantly associated with higher infant birthweight z-scores (a 1-unit increment in BMI was associated with a 0.09-increment in the infant birthweight z-score; P = 0.007; model 1 in Table 2 ).
Association of Gestational Weight Change with Infant
Birthweight for Gestational Age in the Normal Maternal BMI Subgroup Because a statistically significant association was found between gestational weight change and the infant birthweight z-scores in the normal maternal BMI subgroup (model 1 in Table 2 ), we decided to examine differences in the infant birthweight z-scores according to the presence or absence of excessive gestational weight gain in the subgroup. With reference to excessive gestational weight gain, as defined by the guideline used in the present study 11 , we compared mothers who had gestational weight gains ≥16 kg and <16 kg, respectively. The comparisons showed that the infant birthweight z-scores were significantly higher (P = 0.047) in mothers who had gestational weight gain ≥16 kg than in their counterparts who had gestational weight gain <16 kg (model 2 in Table 2 ).
Based on the recommendations in Japan for gestational weight gain 17 , we also compared mothers who had weight gains >12 kg and ≤12 kg. The infant birthweight z-scores were significantly higher (P = 0.018) in mothers who had weight gain >12 kg than in their counterparts who had weight gain ≤12 kg (model 3 in Table 2 ).
Comparison of the Delivery Rates of LGA Versus AGA Infants Between Mothers with Normal BMI and Overweight/Obesity Because a statistically significant association was found between pregestational BMI and the infant birthweight z-scores in the maternal overweight/obesity subgroup (model 1 in Table 2 ), we carried out the v 2 -test on the delivery rates of LGA and AGA infants between the normal maternal BMI subgroup and the maternal overweight/obesity subgroup. The test showed that the delivery rate of LGA infants was significantly higher (P = 0.001) in the maternal overweight/obesity subgroup than in the normal maternal BMI subgroup. The proportions of mothers who delivered LGA and AGA infants were 35.5% (n = 11) and 64.5% (n = 20) in the maternal overweight/obesity subgroup, respectively, in comparison with 5.9% (n = 4) and 91.2% (n = 62), respectively, in the normal maternal BMI subgroup (data not shown in tables). Just four SGA infants were born in the present study, which hampered the statistical analysis. 
DISCUSSION
A very limited number of studies of Japanese women have examined the effects of pregestational BMI and gestational weight gain on infant birthweight for gestational age 12, 13 . To the best of our knowledge, we are the first to report a statistically significant positive association of pregestational BMI and gestational weight gain with infant birthweight for gestational age in mothers with GDM.
Overweight or obese women before and during pregnancy are at increased risk for GDM, and should reduce maternal BMI and maternal weight gain to avoid the risk 18 . Secondary analysis in the Hyperglycemia and Adverse Pregnancy Outcome Study carried out by Catalano et al. 19 showed that overweight and obesity are associated with the delivery of heavy-for-date infants, independently of GDM, and that GDM and obesity synergistically lead to the delivery of heavy-for-date infants. Considering the results of the Hyperglycemia and Adverse Pregnancy Outcome Study and the present study, overweight or obese women who desire to become pregnant cannot avoid the increased risk of delivering LGA infants unless they adhere to the strict control of pregestational BMI to achieve an appropriate weight before becoming pregnant.
A meta-analysis including 33 clinical studies on the effects of gestational weight gain on infant birthweight for gestational age in patients with GDM, only three of which were carried out among Asian, non-Japanese patients with GDM 10 , showed that excessive gestational weight gain is a risk factor for delivering LGA infants; the present data are compatible with this finding. However, the adequate range of gestational weight gain remains to be determined, and the data of Asian patients available to date are limited. In Japan, therefore, gestational weight is generally controlled in accordance with recommended weight gain as described in published guidelines, with excessive gestational weight gain defined as gains of ≥16 kg 11 and >12 kg 17 . In the present study, the infant birthweight z-scores were significantly higher in mothers with GDM who had gestational weight gains ≥16 kg and >12 kg than in their respective counterparts who had gestational weight gains <16 kg and ≤12 kg (models 2 and 3 in Table 2 ); these findings support the abovementioned categorizations 11, 17 . Regarding the mechanism by which pregestational overweight/obesity and excessive gestational weight gain exert an effect on infant birthweight for gestational age among patients with GDM, lipids including free fatty acids and triglycerides are considered to become excessive due to maternal dyslipidemia, which might occur in overweight or obese mothers, thereby causing an increase in fetal bodyweight 7, 20 . Fetal growth can be influenced by elevated lipid levels in pregnant women who were overweight or obese before pregnancy rather than by plasma glucose concentrations that start to increase in the latter half of pregnancy 13 . Therefore, the adequate control of pregestational BMI and gestational weight gain is considered necessary for the prevention of fetal overgrowth. Additionally, Tyrrell et al. 21 recently reported the potential causality of genetically elevated maternal BMI with the greater birthweight of offspring. Hence, the potential influence of maternal genetic susceptibility to obesity on an increase in infant birthweight for gestational age might lead to a positive association between pregestational BMI and infant birthweight for gestational age in the present study.
The present study had the following strengths. First, we successfully determined the clinical and laboratory characteristics required for the appropriate care of mothers with GDM who received dietary counseling, as well as the strict control of hyperglycemia and bodyweight in accordance with the Diagnostic and Therapeutic Manual of Diabetic Pregnancy 17 at our institution. Due to the control, mothers with GDM in the present study showed smaller and greater gestational weight gains in proportion to greater and smaller pregestational BMIs, respectively ( Figure 1 ). Namely, this inverse correlation between these variables indicates the successful weight control of many mothers with GDM. Second, we excluded mothers with underlying disease that might disturb the achievement of the objective of the present study (e.g., metabolic and endocrine disorders). These strengths allowed us to precisely assess complications of GDM by reducing confounding factors. According to a 2003-2009 nationwide survey on the incidence of infant complications owing to GDM in 1,774 Japanese patients with GDM 22 , the incidences of excessively large and heavy-for-date infants were 2.6% and 21.5%, respectively. However, the incidences of such complications were lower in the present study. These facts indicate that the clinical care of GDM patients at our hospital is equivalent to or better than standard maternal care for GDM in Japan. Therefore, we consider that the present study reflects current real-world clinical practice in Japan.
In compliance with the guidelines for diet therapy published by the Ministry of Health, Labor and Welfare of Japan 23 , mothers received thorough guidance for dietary intake as follows: mothers with BMI ≥25, ideal bodyweight (height in meters squared 9 22) 9 30 kcal/day; mothers with BMI <25 require the energy intake of an additional 50-450 kcal. Hence, gestational weight gain should differ between mothers who had pregestational BMI ≥25 and <25. The number of mothers who experienced gestational weight loss was obviously greater in mothers who had pregestational BMI ≥25 than in mothers with lower BMI. Therefore, it was difficult to precisely investigate differences in the effects of gestational weight gain on infant birthweight for gestational age between these two subpopulations of mothers. We analyzed pregestational overweight and obese mothers together, because current diet therapy in Japan considers the ranges of overweight/obesity (BMI ≥25 kg/m 2 ) in one combined category; therefore, there is no difference in dietary therapeutic strategy for overweight and obese patients with GDM in Japan.
The present study included some limitations. First, the number of mothers with GDM was as small as 101 at a single center. Therefore, our study involves the issue of generalizability and the number of complications that might be caused by GDM (e.g., excessively large infant, congenital anomaly, hypoglycemia, respiratory distress in the infant, miscarriage, premature labor, shoulder dystocia and cesarean section) was limited. Consequently, we could not statistically analyze these complications. Second, glycated albumin-an indicator for the control of blood glucose during pregnancy that is considered more useful than HbA1c 24 -was determined in a small portion of mothers (34.7%, 35/101). Third, two biases cannot be ruled out: (i) selection bias might be present, because pregnant women with severe obesity are prone to being hospitalized for the management of high-risk fetuses; and (ii) information bias might have occurred, because pregestational BMI was self-reported. Olson, et al. reported that 35% of pregnant women in the obese BMI group self-reported lower pregestational weight 25 . Such an underreporting of pregestational weight might have affected our estimates. Fourth, we could not investigate confounding factors, such as food intake, physical activity and socioeconomic factors. None of the included mothers smoked (Table 1) ; therefore, we did not adjust for smoking in the multivariable analysis. In the future, we will carry out a prospective study to examine insulin resistance and confounding factors that were not investigated in the present study. Fifth, pregestational overweight and obesity, as well as excessive gestational weight gain, are potential risk factors for GDM 18, 19 . Therefore, caution should be exercised in interpreting the clinical findings from the present study that investigated mothers with GDM alone. Sixth, the present study involves a statistical model limitation: the correlation between pregestational BMI and the infant birthweight z-scores is potentially non-linear, although we assumed their linearity.
In conclusion, pregestational BMI ≥25 and excessive gestational weight gain in mothers with GDM were significantly associated with increased infant birthweight for gestational age. A prospective multicenter clinical study enrolling a larger number of mothers with GDM will be required to verify the effects of adequately controlling pregestational and gestational weights on infant birthweight for gestational age.
